In this study, the effects of temperature and strain rate on the deformation behavior of aluminium 1100 and aluminium 2024 are investigated. Specimens are tested at different temperatures and strain rates under the effect of torsional loading. The data are evaluated using critical radius and effective length concepts. For both materials, as a result of the interaction between strain hardening and thermal softening mechanisms, flow curves pass through a peak value after which aluminium alloy tends to fracture while aluminium 1100 approaches to a steady state deformation. The strain rate sensitivity of materials obtained from torsion testing increases with temperature. The length of aluminium specimens subjected to free-end hot torsion is observed to change with both temperature and strain rate.
INTRODUCTION
The mechanical behavior of metals at high temperatures and under high rates of deformation is a subject that has received considerable attention in recent years [1] [2] [3] [4] . This interest mainly originated from the extensive usage of hot forming processes of metals in industry. Many important metal forming techniques such as rolling, drawing, forging and extrusion require an understanding of the plastic behavior of various metals and alloys for their successful forming under different working conditions. Calculation of the optimum parameters for a given deformation and the improvement of a metal forming technique require the knowledge of the relationship between flow stress and the parameters affecting it. Hot torsion testing [5] [6] [7] [8] [9] [10] [11] [12] is an increasingly popular method for determination of the flow stress at various strains, strain rates and temperatures. In this method, high strains can be attained at constant surface strain rate and without plastic instability. Hot torsion testing is also a very convenient tool for hot workability studies [13] [14] [15] [16] [17] .
The purpose of the present investigation that employs hot torsion technique can be summarized as follows: i) to study the effects of temperature and strain rate on the flow stress and on the shape of the flow curve of aluminium-base materials at high temperatures , ii) to examine the temperature effect on strain rate sensitivity of aluminium base materials and iii) to observe the effects of temperature and strain rate on length changes of aluminium under the effect of torsional loading.
MATERIALS AND METHODS
The high temperature deformation characteristics of two materials, aluminium of commercial purity and a commercial aluminium alloy were studied through a series of hot torsion tests. The chemical analysis of the aluminium alloy revealed the existence of the following elements within the structure: 3.82% Cu, 1.01% Si, 0.98% Mn, 0.93% Zn, 0.9% Mg, 0.8 6% Fe, and 0.012% Cr, which is except for the amounts of the impurity elements within the specified limits of 2024.
Both materials were in ingot form initially. Billets of cylindrical shape were cut from these ingots and extruded into the form of rods of 25 mm diameter. The specimens used for torsion testing were machined from these rods.
The optimum specimen shape is determined by a number of requirements, some of which are in contradiction: on one hand, a specimen should be as short as possible, because in this case very high strain rates can be reached. Additionally, the heat generated during deformation is easily conducted off through the specimen heads. On the other hand, the specimen should be as long as possible because in this case the notch effect can be neglected. In addition, the effective lengths cannot be determined accurately for extremely short specimens as proved by experimental results.
Moreover, the notch radius, R,,, should not be too small since otherwise notch effect will become so strong as to initiate fracture at rather low strains. With all these aspects in view, the optimum specimen geometry is roughly given in literature [18] [19] [20] [21] [22] [23] [24] [25] [26] where R is the radius and L is the gage length of the specimen. The main dimensions, i.e., L, R, and R", of a hot-torsion test specimen used in this investigation was determined in accordance with these optimum geometry conditions. The sample was short enough to give surface shear strain rates higher than those conventional torsion-test samples reach. But it was also long enough not to cause any uncertainty originated from notch effect or from the determination of effective length. One of such specimens, for which R"/R ratio and R/L ratio was chosen as 7/15 and 1/2, respectively, is shown in figure 1 .
Hot torsion experiments were performed by using an Instron universal testing machine on aluminium 1100 specimens at temperatures 250°C, 350 e C and 450°C, and on aluminium 2024 specimens at temperatures 250°C, 300°C, and 350°C. For both materials, the speeds of rotation was chosen as follows: 21.32 rpm, 5.33 rpm, 1.07 rpm, and 0.21 rpm. During testing the applied torque was recorded as a function of twist angle and the records were then used in determination of material flow curves.
RESULTS AND DISCUSSION
The torque-twist data recorded during a hot-torsion test is not useful from engineering point of view, and it requires a conversion to stress-strain values. The conventional method of determining flow curves from torsion test data consists of calculating shear stress from the following equation of Fields and Backofen [24] : The calculation of stress and strain for the surface of the specimen is mathematically correct. However, stress and strain are strongly distorted at the surface because of machining marks, oxidation and also because of the notch effect. Additionally, the shear stress calculated from equation (2) 
which depends very weakly on p. Therefore, the critical radius can practically always be approximated by [18, 28] r*=(3/4) R (9) For this value, the shear stress will be given with an accuracy better than one percent by the equation
and, shear strain will be r<r*) = Γ*(Τ) =(3/4) Γ (R) (11) The use of a "critical radius" in calculation of flow curves minimizes the problems associated with the structural gradient across the diameter of the specimen.
For the method of determining strain and stress at the critical radius, calculation of the so-called notch factor is not necessary. That is, notch effect can almost be neglected.at this radius, while notch has the strongest effect at the specimen surface. Even if there is a strong notch effect caused by the shape of short specimens, stress and strain at the critical radius will not be affected by it.
To determine the length participating in plastic deformation of short specimens, "effective length (L e )" is defined [18, 28] as L e = L+2a (12) where a is the contribution of a transition zone to deformation. This quantity is applicable to specimens of any gage length, including L=0. Given R(x) as the function of variation of radius R along the axis of the specimen with R(0)=R, the following equation can be written for the calculation of a Γ a= [R/R(x) ] < 3+ P>/P dx (13) 0. This equation holds under the assumptions that the material is homogeneous, incompressible, and isotropic. From this equation, it follows that the effective length does not depend only on specimen geometry, but also on the material through the parameter p.
The effective lengths of the specimens were calculated using
and the material parameter ρ obtained from experimental data. The strain hardening coefficients, n, were calculated as the slopes of InM versus ΙηΘ diagrams at constant strain rate. Strain rate sensitivity, m values, on the other hand were obtained as the slopes of InM versus ΙηΘ diagrams at constant strain. To obtain a unique m at each temperature, the method of least squares was employed for m values corresponding to different strains at this temperature. Finally, three strain rate sensitivity coefficients, corresponding to three different testing temperature, were found for each material. Equation (14) was evaluated numerically and inserted into equation (13) . The strain rate sensitivities and effective lengths of the specimens at different temperatures are given in Table I . With these values at hand, shear strain and shear strain rate at critical radius were calculated from equations below Γ*= 30R/4L e and t*= 30R/4L e (15) Then, material flow curves were plotted for constant temperatures and constant shear strain rates. In order to see the effects of temperature and strain rate on the deformation behavior of materials separately, flow curves were plotted for different strain rates at constant temperatures, and for different temperatures at constant strain rates. Figures 2a and b show the effects of temperature on the deformation behavior of aluminium 1100 and aluminium alloy 2024 at a constant shear strain rate of 3.5xl0~2 s -1 . Here, shear stress at critical radius is plotted as a function of shear strain at the same location for three temperature values. Figures 3a  and b show the effects of strain rate on the deformation behavior of aluminium 1100 and aluminium alloy 2024 at a constant temperature of 250 °C. Again, the variations of shear stress and shear strain rate are given for the critical radius. Shear strain rates range from 7xl0 -3 to 0.694 s _1 . The high temperature deformation behavior of aluminium has been studied extensively in recent years [5, [30] [31] [32] [33] [34] [35] . It is now well established that dynamic recovery, a kind of thermal softening mechanism, operates during hot-deformation of aluminium and its alloys. The characteristic feature of dynamic recovery is the formation of subgrains, which causes the material to have a polygonized structure. Due to the replacement of strained grains by the new strain-free subgrains, metal can be deformed up to high strains without cracking.
The flow curves specific to aluminium-base materials exhibit an interaction between strain hardening and dynamic recovery originated thermal softening processes. Factors such as temperature, strain rate, chemical composition affect the occurence of these two opposite processes and, in turn, the flow behavior of materials.
Both the flow stress and the shape of the flow curve of aluminium base materials are highly affected by temperature (Fig. 2) . The decrease of flow stress with increasing temperature may be explained by the increased mobility of dislocations. As temperature gets higher, the movement of dislocations on their slip planes becomes easier and this causes the metal to deform under the effect of lower stresses. In addition, dislocations gain the ability of climbing and cross-gliding which gives them increased ability to bypass the obstacles and to travel greater distances in response to the existing stress field.
Similar to the effect of temperature rise, the decrease of strain rate lowers the flow stress of both materials. It has been stated [30] that the dislocation density almost remains constant but, the size of dislocation cells increases with the decrease of strain rate. If the dislocation density does not change substantially one should conclude that the decrease of flow stress caused by the low strain rate is due to the increase of the size of the dislocation cell structure and to the decreased rate of movement of the individual dislocations.
There exists a perceptible difference between the flow curves of aluminium 1100 and aluminium alloy 2024 (figures 2 and 3). Although recovery is the dynamic restoration mechanism for both metals,its amount decreases with the amount of alloying elements, which lower the stacking fault energy [36, 37] . Therefore, the alloy 2024 has higher strength and lower ductility than aluminium 1100, and it tends to fracture at high strain values where aluminium 1100 approaches to a steady state deformation regime. In addition the presence and formation of intermetallic compounds during deformation contribute to the low ductility of 2024. The microphotographs shown in figure 4 were taken from aluminium 1100 specimens deformed at a deformation rate of 0.694 s -1 at 450°C and then air-cooled. These photographs were taken from cross-sections perpendicular to specimen axis in the near-surface (Fig. 4a) , the nearcenter (Fig. 4c) regions and in a region between the surface and the center of the specimen (Fig. 4b) . Aluminium has the highest stacking fault energy among all fee metals [38] and, like other metals of high stacking fault energy, it undergoes dynamic recovery in the deformatioti zone and static recrystallization in the cooling zone. The larger size of grains noted in figure 4c in the near-axis region may be due to the relatively high temperature of this zone during cooling period. Another possible explanation of this might be the high rate of recrystallization in highly deformed near-surface region, since an increase in recrystallization rate with strain is accompanied by a decrease in recrystallized grain size [37] . At relatively lower temperatures, recrystallization never starts or cannot continue after starting.
It is well known [15, 37] that addition of alloying elements have an effect of retardation on recrystallization. This is mainly due to the drag effect of impurity atoms on moving grain boundaries. An increase in solute concentration can also affect recrystallization indirectly through its influence on the preceeding recovery process. No perceptible recrystallization was obserbed in the microphotographs of deformed aluminium alloy 2024.
A transition zone between fine-and coarse-grained regions is apparent in figure 4a and this zone somewhat matches with the critical radius, where stress becomes independent of material parameters. However, transition regions of this type exist also in places different from the critical radius zone and in some cases it was not observed at all. Keeping this fact in view, it can only be pointed out that the existence of a critical radius zone with an outstanding microstructural feature is a matter open to discussion. It requires a more detailed investigation at the level of electron microscopy.
As temperature increases, both aluminium 1100 and aluminium alloy 2024 become more strain-rate-sensitive. Their strain rate sensitivity coefficients (m) exhibit a linear increase in the temperature ranges shown in figure 5 . temperature is also included for alloy IS [39] . This material shows similar behavior to aluminium 1100 probably due to the similarity in their aluminium content. During hot-torsion, axial stresses develop and if free-end testing is applied these stresses result in length changes, shortening for most of the materials including steels and lenghtening for aluminium. The origin of the axial stresses is still uncertain, although it has been attributed to anisotropy and texture development in specimens [5, 40, 41] .
In the present study, specimens of aluminium 1100 exhibited outstanding length changes (figure 6). The lengths of those made of less ductile aluminium alloy 2024, on the other hand, could not be measured because of their fracture during testing. As can be seen from figure 6 , the length changes of aluminium 1100 specimens are of high levels for low strain rate and high temperature condition. This may probably result from the ease of texture developments at high temperatures and from the increased time interval for a certain amount of deformation, which allows for texture developements.
CONCLUSIONS
In the view of hot-torsion experiments performed on aluminium 1100 and aluminium alloy 2024 at various temperatures and shear strain rates, following conclusions can be drawn: i) As a result of the interaction between strain hardening and thermal softening mechanisms, flow curves of both materials pass through a peak value after which aluminium alloy tends to fracture while aluminium 1100 approaches to a steady-state deformation.
ii) During hot-torsion testing the length of the deformation zone cannot be restricted to a predetermined value. Deformation extends into neighbouring zones and this extension increases with increasing temperature .
iii) The length of aluminium 1100 specimens increase during freeend hot torsion testing. The change of length is a function of both temperature and strain rate and maximum change is observed at low strain rates and high temperatures.
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